(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World J utellectual Property Organization 
International Bureau 

(43) International Publication Date 
1 9 Ju ne 2003 (1 9.06.2003) 




PCT 



llll I! II llll Mill II II II IIMIII II III 

(10) International Publication Number 

WO 03/050065 Al 



(51) International Patent Classification 7 : C07C 5/333 

(21) International Application Number: PCT/GB 02/054 82 

(22) International Filing Date: 4 December 2002 (04.12.2002) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) Priority Data: 

0129611.0 11 December 2001 (11.12.2001) GB 

(71) Applicant (for ,ali designated States except US): BP 
CHEMICALS LIMITED |GB/GB]; Britannic House, 1 
Finsbury Circus, London KC2M 7BA (GB). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): ELLIS, Brian 
[GB/GBJ; 38 Hawkcwood Road, Ijowct Sunbury, Mid- 
dlesex TW16 6HJ (GB). POLL ITT, Stephen, Kenneth 



[GB/GB]; 40 Hill Rise, Cuftlcy, Herts EN6 4EJ (GB). 
SMITH, Warren, John [GB/GB]; 89 Hanover Avenue, 
Fcltham, Middlesex TW13 4JR (GB). 

(74) Agent: SMITH, Julian, Philip, Howard; BP Interna- 
tional Limited, Chcrtsey Road, Sunbury-on-Thamcs, Mid- 
dlesex TW 16 7LN (GB). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR. BY, BZ t CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC. EE, ES, FT. GB, GD, GE, GH, 
GM, HR, HU, ID, IN, IS, JP, KP;, {CO, KP, KR, K v Z, LC, 
LK. LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, OM, PH, PL, FT, RO, RU, SC, SD, SH, 
SG, SK, SL, TJ, TM, TN, TR. TT, TZ, UA, UG, US, UZ, 
VC, VN, YIT, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GIL GM, 

KE, US, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 

[Continued on next page] 



(54) Title: PROCESS FOR PRODUCTION OF STYRENE 



Styre ne pro cess design with no ethane / ethylene sepa ration. 



IT) 
O 

o 

IT) 
O 

O 

St 




waur 
AcOH 



•Cp — -Op — ■£»] 



J 



4 

TcJuvno 



Sryrene- procsss design with ethane / ethylene separation. 




(57) Abstract: A process for the 
production of styrene is disclosed, 
comprising the steps of: a) feeding to an 
alkylalion urril a stream of benzene and 
a stream of ethylene; b) mixing the outlet 
stream from the alkylation unit with a 
stream of ethane and a stream of oxygen, 
c) feeding the mixture obtained in b) to 
an oxodehydrogenation unit containing 
a catalyst capable of contemporaneously 
oxidative])' dehydrogenating ethane and 
ethylbenzene to give ethylene and styrene 
respectively; d) feeding the product leaving 
the oxodehydrogenation unit to a separation 
unit to produce a stream containing siyrene 
and a stream containing ethylene; e) 
recycling the stream containing ethylene 
to the alkylation unit. 
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PROCESS FOR PRODUCTION OF STYRENE 
The present invention relates to a process for the production of styrene, starting 
from benzene and ethane. More specifically, the present invention relates to a process 
for the production of styrene by the simultaneous oxodehydrogenation of ethylbenzene 
and ethane to give styrene and ethylene respectively. 
5 As is well known, styrene is a product which is used in the production of 

thermoplastic polymers, such as polystyrenes (PS), acrylonitrile-butadiene-styrene 
copolymers (ABS), styrene-acrylonitrile resins (SAN), styrene-butadiene elastomeric 
copolymers (SBR) and in formulations for unsaturated polyester resins. 
Styrene is generally prepared by the adiabatic or isothermic catalytic 
10 dehydrogenation of ethylbenzene in the presence of catalysts selected from metal oxides 
or their mixtures. In WO 9708034, for example, the catalyst consists of a mixture 
comprising Fe 2 0 3 , K 2 0 Mn0 3 , MgO, at least one oxide of Cu, Zn, Sc, Ti, W, Mn, Ni, 
Pd, Al, P, Bi, B, Sn, Pb and Si and at least two rare-earth metals. Further information 
on the dehydrogenation of ethylbenzene is available in Stanford Research Institute (SRI 
15 International) Report 338, 1977. Ethylbenzene is, in turn, prepared by the alleviation of 
benzene, available as a refinery product, with ethylene typically coming from the 
cracking or dehydrogenation of ethane. Details on the alkylation of benzene with 
ethylene are available in SRI. 

In EP 9051 12A, a process for the simultaneous dehydrogenation of ethylbenzene 
20 and ethane to produce ethylene and styrene is disclosed. The process comprises: 

a) feeding to an alkylation unit a stream of benzene and a stream of recycled product 
containing ethylene; 
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b) mixing the stream at the outlet of the alkylation unit, containing ethylbenzene, with a 
stream • 

consisting of fethane; 

c) feeding the mixture thus obtained to a dehydrogenation unit containing a catalyst 
5 capable of contemporaneously dehydrogenating ethane and ethylbenzene to give 

ethylene and styrene respectively; 

d) feeding the product leaving the dehydrogenation unit tp a separation section to 
produce a stream essentially consisting of styrene and a stream containing ethylene; 

e) recycling the stream containing ethylene to the alkylation unit. 

10 The dehydrogenation of ethylbenzene is a highly endothermic reaction, requiring 

severe conditions. As a consequence, the above process is Energy intensive and has 
high utility costs. We have now discovered that these problems can be reduced by 
replacing the dehydrogenation reaction with an oxidative dehydrogenation 
(oxodehydrogenation) reaction. 1 

15 Accordingly in a first aspect of the present invention provides a process for the 

production of styrene, comprising the steps of: 

a) feeding to an alkylation unit a stream of benzene and a stream of ethylene; 

b) mixing the outlet stream from the alkylation unit with a stream of ethane and a 
stream of oxygen; 

20 c) feeding the mixture obtained in b) to an oxodehydrogenation unit containing a 
catalyst capable of contemporaneously oxidatively dehydrogenating ethane and 
ethylbenzene to give ethylene and styrene respectively; 

d) feeding the product leaving the oxodehydrogenation unit to a separation unit to 
produce a stream containing styrene and a stream containing ethylene; 
25 e) recycling the stream containing ethylene to the alkylation unit. 

We have found that the above process results in a longer lasting catalyst, as a 
consequence of the less severe conditions than in the prior art process, and also the 
presence of oxygen, which reduces coking. 

Typically the ethylene-containing stream exiting the separation unit also contains 
30 a significant proportion of unreacted ethane. In one embodiment, the ethylene and 
ethane are separated prior to the ethylene being recycled to the alkylation unit. 

According to the simplest concept of the invention, a first stream of benzene is fed 
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to the alkylation unit, together with a second stream of recycled product, essentially 
consisting of ethylene and non-converted ethane, \vith ( 6ver 50 weight % usually being • 
non-converted ethane. Typically, this second stream comprises 2-20% by weight of 
ethylene and 80-98% by weight of ethane, together with about 0. 1 -1 % by weight 
5 (calculated out of the total of ethylene ■+ ethane) of other light products, formed in both 
the alkylation and dehydrogenation phase. 

The two streams are fed to the alkylation unit to. give a benzene/ethylene ratio of 
typically between 3 and 10, more typically 6-8. The alkylation reaction is carried out in 
a conventional reactive distillation process, such as described for example in EP 
10 432814A. The alkylation unit is typically operated at a temperature of between 250 and 
450°C, preferably 350-400°C; and at 1-30 bar, preferably 15-20 bar pressure. 'In 
addition to the reactive distillation column, the alkylation unit may additionally 
comprise a fixed bed liquid phase alkylation reactor for treating the products from the 
reactive distillation column. A transalkylation unit to convert di ethylbenzene and 
1 5 triethylbenzene to ethylbenzene is typically also present. 

The ethylbenzene product from the alkylation unit is mixed with ethane, which 
can be fresh ethane or can comprise a mixture of fresh and recycled ethane. Oxygen is 
also introduced as the stream is fed into the oxodehydrogenation unit, either as a single 
stream or at several injection points along the catalyst bed. Recycled ethylbenzene may 
20 also be added at this point. To obtain a good balance between the alkylation and 

dehydrogenation reactions it is preferable for the total ethane, both recycled and fresh, 
to be present in such an amount is to give molar ratios of ethylbenzene to ethane of 
between 0.05 and 10, preferably 0.1 and 1 . Oxygen levels are generally 2-20 mol% and 
more preferably 6-12 mol% in the inlet stream. The oxygen may be introduced in the 
25 form of a molecular oxygen-containing gas, which may be air or a gas richer or poorer 
in molecular oxygen than air, for example pure oxygen. A suitable gas may be, for 
example, oxygen diluted with a suitable diluent, for example nitrogen or helium. 

The dehydrogenation reaction is preferably carried out in gaseous phase operating 
in fixed-bed, moving-bed or fluid-bed catalytic reactors, although fluid-bed reactors are 
30 preferred for their technological advantages which are well known to experts in the 
field. 

Any catalyst capable of contemporaneously oxidatively dehydrogenating a 
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paraffin such as ethane and an alky] aromatic hydrocarbon such as ethylbenzene can be 
used in the oxodehydrogenation reaction. Particularly preferred are those catalysts 
disclosed in bur own EP 1043064A. They comprise'in combination with oxygen the 
elements molybdenum, vanadium, niobium and gold according to the empirical 
5 formula: 

Mo a WbAu c V d Nb e Y f (I) 
wherein Y is one or more elements selected from the gro;up consisting of : Cr, Mn, Ta, 
Ti, B, Al, Ga, In, Pt, Pd, Zn, Cd, Bi, Ce, Co, Rh, Ir, Cii, Ag; Fe, Ru, Os, K, Rb, Cs, Mg, 
Ca, Sr, Ba, Zr, Hf, Ni, P, Pb, Sb, Si, Sn^ Tl, U, Re, Te and La; 
10 a, b, c, d, e and f represent the gram atom ratios of the elements such that : 
0<a<l;0<b<l anda + b=l; ' ■ •' . 

10" 5 <c<0.02; 
0<d<2; 
0 < e < 1 ; and 
15 0<f<2. 

Preferably Y does not include Pd. 
Catalysts embraced within the formula (I) include:- 
Mo a WbAucVdNb c Yf 
Mo a Au c Y d Nb e Yf 
20 Mo a W b Au c V d Nb c 
Mo a Au c V d Nb c 

Examples of suitable catalysts having the formula (I) include:- 
Moj.00V0.25Nb0.12 Auo.oiOy ; Moi.ooVo^i3Nbo.i38Auo.oo70y ; Moi.ooVo.232Nbo.i39Au 0 .oo70 y ; 
and Moi.oooVo.426Nbo.u5Au 0 .ooo80y wherein y is a number which satisfies the valencies 
25 of the elements in the composition for oxygen. 

Preferably a > 0.01 . Preferably, d > 0. 1 . Preferably, e > 0.01 . Preferably, e < 0.5. 
Preferably, f £ 0.01. Preferably, f < 0.5. 

Preferably, Y is selected from the group consisting of Bi, Ca, Ce, Cu, K, P, Sb, La 
and Te. 

30 In the fluid-bed dehydrogenation reactor, it is preferable to operate: 

at a temperature ranging from 300 to 550°C, more preferably 350-400°C ; 
at a pressure of from 1 to 30 bar and more preferably in the range 10-20 bar; at a gas 
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hourly space velocity of between 2000-6000/h preferably between 3000-4000/h with a 
residence time of the catalyst in the fluid-bed zone vaiying from 1 to 60 seconds, 
preferably from 5 to 10 seconds. 

- At-the end-of the oxodehydrogenation reaction, a dehydrogenated stream is 

5 recovered, typically comprising: 2-35%, more typically 5-15% by weight of styrene; 1- 
20%, more typically. 5- 15% of ethylene; 25-75%, more typically 40-50 % of non- 
reacted ethane and 2-40%, more typically 10-30 % of non-reacted ethylbenzene; 0.1-2% 
of other products such as methane, hydrogen, toluene, benzene and possibly acetic acid 
formed during both the alkylation and dehydrogenation reaction. This stream is passed 

10 to a degasifier, and then to a decanter where water and water-soluble products are 

removed. The hydrocarbon liquid portion is then separated into benzene, recybled to 
the alkylation unit, ethylbenzene, which is recycled to the oxodehydrogenation unit, and 
styrene which is collected. In a preferred embodiment, the gaseous portion comprising 
ethylene and possibly unreacted ethane is passed through a CO x removal unit; the 

15 ethylene/ethane stream is then recycled to the alkylation unit. If acetic acid is present in 
the dehydrogenated stream, this may optionally be recovered as a separate product. In 
any case, where acetic acid is present it is necessary to ensure that the metallurgy of the 
system is suitable, with higher grade alloy or stainless steel being used. 

Two specific embodiments of the invention are now described, with reference to 

20 the accompanying drawings, in which: 

Figure 1 is a flow chart of the first example, and 
Figure 2 is a flow chart of the second example. 

In a first example of the process (Figure 1), an oxydehydrogenator (1) is operated 
at 300-550°C and 1-30 bar pressure to simultaneously convert ethane to ethylene and 

25 ethylbenzene to styrene. A second reactor, the alkylator (2) is operated at 250-450°C 
and 1-30 bar pressure to alkylate benzene with ethylene. In one embodiment of the 
process, the products from the oxydehydrogenator (1) are fed to a degasifier unit (3), 
with the recovered gaseous products being fed to a common CO x removal unit (5) 
before passing to an ethane/ethylene separation unit (6). The latter can be of the 

30 Selective Olefin Recovery type (SOR), cryogenic type, or any other type. Following 
ethane/ethylene separation, the recovered ethane is recycled to the oxydehydrogenator 
(1), while the ethylene is recycled to the alkylator (2). The products from the alkylator 
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(2) are fed to a separate degasifier (4), with the recovered gases being fed to the 
ethane/ethylene separation unit (6). The liquids from the alkylator degasifier (4) are 
sent to ia benfcene recovery column (7), where. the recovered benzene is optionally dried 

.in.a drying column before being recycled to the alkylator (2). The liquids separated 

5 from the benzene in (7) are passed to a column (8) where fethylbenzene is recovered and 
recycled to the oxydehydrogenator (1). The liquids separated from the ethylbenzene in 
(8) are fed to a column (9) where DEB is recovered from polyalkylate heavy residue. 

The recovered DEB from (9) is passed to a transalkylator unit (10) where it is 
reacted with benzene from the recycle stream to produce ethylbenzene which is recycled 

10 to the benzene recovery column (6). The liquids separated from the gas in (3) are 

passed to a decanter (1 1), where water and water-soluble products such as acetic acid 
are recovered, the residual organic liquids separated in (1 1) being passed to a column 
(12) where styrene is recovered. The liquids separated from styrene in (12) are sent to a 
column (13) where ethylbenzene is recovered and recycled to the oxydehydrogenator 

15 (1). The liquids separated from ethylbenzene in (13) are then passed to a column (14) 
where trace levels of benzene are separated from toluene overhead and recycled to the 
alkylator (2). 

In this example of the process, it is preferable to operate to 100 % oxygen 
depletion in the oxydehydrogenator (1), in order to simplify the degasifi cation and 

20 ethane/ethylene separation processes. , 

In a second example of the process (Figure 2) an oxydehydrogenator (1) is 
operated at 300-550°C and 1-30 bar pressure to simultaneously convert ethane to 
ethylene and ethylbenzene to styrene. A second reactor, the alkylator (2) is operated at 
250-450°C and 1-30 bar pressure to alkylate benzene with ethylene. It is a key feature 

25 of this example of the proposed process that no ethane/ethylene separation stage is 
required due to the use of the following configuration. The products from the 
oxydehydrogenator (1) are passed to a degasifier (3) before feeding to a CO x removal 
unit (5), after which the gaseous effluent consisting of ethylene diluted in ethane is fed 
directly to the alkylator (2) - the alkylator being able to process low purity ethylene 

30 feedstocks as exemplified by catalytic distillation units. Conversely, the exit stream 
from the alkylator (2) is fed to a separate degasifier (4) and the gaseous stream 
consisting mainly of ethane is then passed directly to the oxydehydrogenator (1). The 
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liquids from the alkylator degasifier (4) are sent first to a benzene recovery column (6), 
where the recovered benzene is optionally dried in a drying column before being 
recycled to the alkylator (2). The liquids separated from the benzene in (6) are passed 
to a column (7) where ethylbenzene is recovered and recycled to the oxydehydrogenator 

(1) . The liquids separated from the ethylbenzene in (7) are fed to a column (8) where 
DEB is recovered overhead from the polyalkylate heavy residue. The recovered DEB 
from (8) is passed to a transalkylator unit (9) where it is reacted with benzene from the 
recycle stream to produce, ethylbenzene which is recycled to the benzene recovery t 
column (7). The liquids separated from the gas in (3) are passed to a decanter (10), 
where water and water-soluble products such as acetic acid are recovered, the residual 
organic liquids being passed to a column (11) where styrene is recovered. The liquids 
separated from styrene in (1 1) are sent to a column (12) where ethylbenzene is 
recovered and recycled to the oxydehydrogenator (1). The liquids separated from 
ethylbenzene in (12) are then passed to a column (13) where trace levels of benzene are 
separated from toluene overhead and recycled to the alkylator (2). 

In this example of the process, it is preferable to operate to 100 % oxygen 
depletion in the oxydehydrogenator (1) and to 100 % ethylene depletion in the alkylator 

(2) , thus simplying the degasiflcation and avoiding the need for an ethane/ethyl en e 
separation unit. f 
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Claims 

1 . Process for the production of styrene, comprising the steps of: 

a) feeding to an alkylation unit a stream of benzene and a stream of ethylene; 

b) mixing the outlet stream from the alkylation unit with a stream of ethane and a 
stream of oxygen; ' 

5 c) feeding the mixture obtained in b) to an oxodehydrogenation unit containing a 
catalyst capable of contemporaneously oxidatively dehydrogenating ethane and 
ethylbenzene to give ethylene and styrene respectively; 

d) feeding the product leaving the oxodehydrogenation unit to a separation unit to 
produce a stream containing styrene and a stream containing ethylene; 
10 e) recycling the stream containing ethylene to the alkylation unit. 

2. Process according to claim 1 , wherein in step (a) a first stream of benzene is fed to 
the alkylation unit, together with a second stream of recycled product, comprising 2- 
20% by weight of ethylene, 80-98% by weight of non-converted ethane, and 0.1-1% by 
weight (based on the total of ethylene + ethane) of other light products. 

15 3. Process according to claim 1 or 2, wherein the benzene/ethylene ratio in the 
alkylation unit is between 3 and 10, preferably between 6 and 8. 

4. Process according to any preceding claim, wherein in the oxodehydrogenation unit 
the molar ratio of ethylbenzene to ethane is between 0.05 and 10, preferably between 
0.1 and 1. 

20 5. Process according to any preceding claim, wherein the level of oxygen in the inlet 
stream to the oxodehydrogenation unit is 2-20 mol%, preferably 6-1 2 mol%. 
6. Process according to any preceding claim, wherein the catalyst for oxidatively 
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dehydrogenating ethane and ethylbenzene has the empirical formula: 
'Mo a WbAu c V d Nb c Y f (I) 

wherein Y is one or more elements selected from the group consisting of : Cr, Mn, Ta, 
Ti, B, Al, Ga, In, Pt, Pd,.Zn,XM, Bi, Ce, Co, Rh, Ir, Cu, Ag, Fe, Ru, Os, K, Rb, Cs, Mg, 
Ca, Sr, Ba, Zr, Hf, Ni, P, Pb, Sb, Si, Sn, Tl, U, Re, Te and La; 
a, b, c, d, e and f represent the gram atom ratios of the elements such that : 

0<a<l;0<b<l anda + b = 1; 

10" 5 <c<0.02; * 

0 < d < 2; 

0<e<l; 

0,£f<2;and 
preferably Y does not include Pd. 

7. Process according to any preceding claim, wherein the stream leaving the 
oxodehydrogenation unit comprises 2-35%, preferably 5-15% by weight of styrene; 1- 
20%, preferably 5-15% of ethylene; 25-75%, preferably 40-50 % of non-reacted ethane 
and 2-40%, preferably 10-30 % of non-reacted ethylbenzene; and 0.1-2% of other 
products. 

8. Process according to claim 7, wherein the hydrocarbon liquid portion of the 
stream leaving the oxodehydrogenation unit is separated into benzene, ethylbenzene and 
styrene, and the gaseous portion is passed through a CO x removal unit and the resulting 
ethylene/ethane stream recycled to the alkylation unit. 
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